Split liver transplantation (SLT), while widely accepted in pediatrics, remains underutilized in adults. Advancements in surgical techniques and donor-recipient matching, however, have allowed expansion of SLT from utilization of the right trisegment graft to now include use of the hemiliver graft as well. Despite less favorable outcomes in the early experience, better outcomes have been reported by experienced centers and have further validated the feasibility of SLT. Importantly, more than two decades of experience have identified key requirements for successful SLT in adults. When these requirements are met, SLT can achieve outcomes equivalent to those achieved with other types of liver transplantation for adults. However, substantial challenges, such as surgical techniques, logistics, and ethics, persist as ongoing barriers to further expansion of this highly complex procedure. This review outlines the current state of SLT in adults, focusing on donor and recipient selection based on physiology, surgical techniques, surgical outcomes, and ethical issues.
INTRODUCTION
Liver transplantation using partial grafts was born in the late 1980's as a rescue modality for a severe pediatric donor shortage. In 1984, Bismuth et al [1] described a new technique to decrease the size of an adult liver to fit a pediatric recipient. After successful experiences with this procedure, a new technique of "splitting" a whole liver graft was successfully introduced, allowing the simultaneous transplant of two recipients from one deceased donor liver [2] [3] [4] .
Unlike reduced-size grafts, split liver transplantation (SLT) was initially characterized by higher morbidity and mortality [4, 5] . Over time, however, technical advancements and better donor-recipient selection have led to more frequent use of SLT and better outcomes.
In SLT, deceased donor livers most commonly are split into a smaller left lateral segment (segment Ⅱ and Ⅲ) for children and a larger right trisegment (segment Ⅰ, Ⅳ-Ⅷ) for adults ( Figure 1 ). This combination has contributed tremendously to the reduction of pediatric waiting list mortality [6] . Gains in knowledge have introduced the use of 2 hemiliver grafts, a left lobe (segment Ⅰ-Ⅳ) and a right lobe (segment Ⅴ-Ⅷ), for transplant in 2 adults or adultsized recipients ( Figure 1 ). Although hemiliver SLT theoretically doubles the number of liver grafts for adults, this technique has been underutilized due to technical, logistical, and ethical challenges [7] .
Further advancement of SLT for adults requires a full understanding of the current state of SLT, focusing on the unique aspects of partial grafting from deceased donors. This review outlines existing practice in adult SLT, including donor and recipient matching, surgical techniques, and outcomes. Finally, ethical issues of adult SLT will be discussed, including how to justify SLT vs whole liver graft transplant and in what situations SLT provides the best benefits under the current liver allocation system guided by the Model for End-Stage Liver Disease (MELD) score.
DONOR AND RECIPIENT MATCHING

Donor selection
Careful donor selection and thorough consideration of split graft quality are essential in adult SLT. The upper donor age limit for SLT generally is considered to be between 40 and 50 years of age [8] [9] [10] . Prolonged ICU stay before organ recovery is unfavorable, but not a contraindication. Donor liver enzymes should be normal or mildly elevated [11, 12] . If other risk factors are absent, split grafts with higher values of liver enzymes can be used [9, 10] . While the impact of donor hypernatremia remains unknown, it can be unfavorable. The presence of obesity, history of heavy alcohol use, and low platelet counts upon donor admission could be a surrogate for hidden negative pathophysiology such as graft steatosis and fibrosis. The use of vasopressor to maintain donor hemodynamics can increase the risk of poor graft quality. Despite the lack of scientific evidence, these factors seem to be important to determine whether the liver is suitable for SLT.
During organ recovery, visual and manual evaluation by the donor team is of utmost importance. In the presence of abnormal visualization, a liver biopsy should be performed to rule out any pathology including macrosteatosis, inflammation, fibrosis, and cholestasis. When other donor and recipient factors are ideal, the presence of mild steatosis or inflammation is acceptable. Once the decision is made to proceed with splitting, coordination between donor and recipient teams is crucial in order to minimize cold ischemia time, which is the only modifiable donor factor.
Recipient selection
Once a donor liver is deemed to be splittable, choosing and matching an appropriate recipient is extremely important. Hemiliver SLT for adult recipients carries the potential risk of graft failure due to size mismatch, but with a right trisegment graft, graft size does not usually influence surgical outcomes. Recipient selection, therefore, can be more liberal with SLT utilizing a right trisegment graft than when hemiliver grafts are used [7] . Equally important, a right trisegment graft provides venous outflow similar to a whole liver graft and will generally tolerate portal hypertension in recipients [7] . On the other hand, recipient selection for hemiliver SLT requires more comprehensive assessment. Generally, teenagers or small adults with minimal portal hypertension are ideal recipients for hemiliver grafts. The use of hemiliver grafts for highrisk recipients, such as those with high MELD scores or severe portal hypertension, remains controversial [13] . Larger grafts should be used for recipients with severe portal hypertension in order to avoid small-for-size syndrome [10] . For living donor liver transplantation (LDLT), in order to meet a recipient's metabolic demand, the minimal graft size has been reported to be as small as a graft-to-recipient weight ratio (GRWR) of 0.6%-0.8% [14, 15] . In contrast, the acceptable minimal graft size in adult SLT is unknown. Because split grafts have often experienced prolonged cold ischemia and brain death-related hemodynamic instability, recipients receiving split grafts appear to require a higher GRWR [16] . Lee et al [9] reported that a GRWR of 1.0%
was the minimal requirement in hemiliver SLT to avoid early graft dysfunction. To achieve such graft-recipient matching, split grafts should be taken from larger donors and transplanted into smaller recipients [10] .
Graft size
Graft size estimation is crucial in hemiliver SLT. Since liver imaging is rarely available in deceased donors, graft size estimation usually relies on standard calculation formulas using donor body surface area or body weight: whole liver volume (mL) = 1072.8 × body surface area (m 2 ) -345.7 for Caucasians [17] and 706.2 × body surface area (m 2 ) + 2.4 for Asians [18] . More simply, whole liver weight can be estimated as 2% of donor body weight [19] . Lobe size can be determined based on standard lobar distribution, approximately 35% for the left lobe and 65% for the right lobe. It should be noted that since these estimations are not always accurate, graft weight can be underestimated to increase the risk of small-for-size related graft failure. Therefore, direct assessment by donor surgeons is quite important.
SURGICAL TECHNIQUES
Sharing patterns of split grafts
Lack of consensus regarding sharing patterns of major vessels and bile ducts between 2 split grafts, particularly when a liver is shared by 2 different centers, is one of the most important technical challenges facing SLT. The ideal and most favorable sharing pattern was originally described by Bismuth et al [3] in 1989. The principle concept of this sharing pattern is its avoidance of multiple small branches that would need to be reconstructed in recipients. Impeccable knowledge of surgical liver anatomy is crucial to understand why this sharing pattern is ideal in SLT. The left lobe frequently has a single branch of the portal vein, hepatic duct, and venous outflow that is a common channel of the left and middle hepatic veins (Figure 2 ), but multiple branches of small hepatic arteries often exist. On the other hand, the right lobe often has a single right hepatic artery, but multiple branches are commonly seen in the venous drainage, hepatic duct, and portal vein. According to the original sharing pattern by Bismuth, the left-sided graft retains the celiac trunk leaving a single right hepatic artery in the right-sided graft in order to avoid multiple small branches of hepatic artery in the left-sided graft ( Figure  3) . Then, the right-sided graft retains the remaining main branches, including the common hepatic duct, main portal vein, and vena cava [3] . Such a sharing pattern can lower the risk of surgical complications by avoiding multiple complex anastomoses. In current clinical practice, however, the primary transplant team often prefers to keep all main branches without consideration of actual donor anatomy or recipient needs, even leaving small multiple branches in the 7502 September 7, 2016|Volume 22|Issue 33| WJG|www.wjgnet.com In this hemiliver split, the celiac trunk was retained with the left lobe graft and the remaining structures including the vena cava, main portal vein, and common hepatic duct were retained with the right lobe graft as described by Bismuth [3] . Figure  4 ). When the vena cava is not retained with the right hemiliver graft, a complex venous reconstruction is necessary, as is done with LDLT. Portal inflow should be modified in split grafts of marginal size [22] . Splenic artery ligation, splenectomy, and hemi-portocaval shunt are well known techniques for portal inflow modification. Of these, the use of hemi-portocaval shunt is controversial because of increased risk of portal steal phenomenon [23] . In biliary reconstruction, unnecessary tissue dissection disrupts blood supply to the recipient bile duct and increases the risk of biliary ischemia, bile leak and stricture. Thus, the minimal dissection technique utilized in LDLT should be used for SLT to optimize blood supply to the recipient bile duct, particularly when choledococholedocostomy is performed [24] .
Recipient surgery
OUTCOMES
Right trisegment grafts
SLT using the right trisegment graft initially had an increased risk of morbidity and mortality in adult recipients [4, 5] . While surgical outcomes have improved with experience, outcomes for right trisegment graft transplantation are still controversial [25] . Due to the procedure's technical complexity, the incidence of biliary and vascular complications can be as high as 40% and 25%, respectively. However, when multiple risk factors are avoided (short ischemia time, nonurgent recipient status, young donor age, etc.), the right trisegment graft can achieve excellent outcomes and is no longer considered to be marginal by experienced centers [26, 27] .
Hemiliver grafts
Data of hemiliver SLT for 2 adults are limited. Aseni et al [28] reported a recent Italian multicenter experience of hemiliver SLT, showing inferior 5-year survival compared to whole liver transplantation (63% vs 83%). However, under certain circumstances, longterm survival after hemiliver SLT is equivalent to contralateral graft. While the primary team has the priority to keep main branches, the final decision should be made with flexibility based on donor anatomy and recipient need [10] . Such comprehensive sharing by 2 teams facilitates increased use of split grafts and improves recipient outcomes.
Donor surgery
SLT is a unique operation that requires establishing 2 complete sets of vascular inflow and outflow as well as biliary drainage from one liver graft. SLT organ recovery requires highly complex surgical techniques. Detailed techniques of in situ splitting are described previously [20] . The first and most important step for successful SLT is the capability of donor team to make a timely and reliable decision about whether to proceed with splitting. In order to achieve this, the donor team needs to fully understand the recipient situation, including body size, medical urgency, severity of portal hypertension, and surgical anatomy. With visualization of the donor liver, careful assessment of suitability for SLT should be conducted in terms of size, quality, and anatomy. Intraoperative cholangiogram is mandatory to determine splittability. Second, donor operation time should be minimized because of frequent hemodynamic instability in brain dead donors and to avoid compromising graft quality of other organs to be recovered. Hepatic hilar dissection also should be minimized, except for anatomical assessment, because this step can be performed safely on the back table. Liver hanging maneuver is effective for in situ parenchymal transection [20, 21] . It is important to have a low threshold to cross clamp in case the donor becomes unstable during in situ splitting, necessitating a switch to the ex vivo technique. Finally, complex back table procedures include the division of vessels and bile duct and venous reconstruction to facilitate venous drainage of the anterior segment in the right lobe graft [20] . Figure 4 Right hemiliver graft with new middle hepatic vein. Implantation was performed using the conventional caval interposition technique. Two arrowheads indicate caval anastomoses. To prevent venous congestion in the anterior segment, an iliac vein graft was used to create new middle hepatic vein that is anastomosed to the orifice of the left and middle hepatic veins on the graft vena cava (arrow). From Hashimoto et al [10] .
whole liver transplantation or LDLT [9, 10, 12, 29] . Importantly, the impact of graft size on survival seems to be more prominent in hemiliver SLT compared to the right trisegment graft. Accordingly, appropriate graft-recipient selection is critical to avoid small-forsize grafting and to promote optimal outcomes. As mentioned in Recipient selection, when a GRWR is greater than 1.0%, hemiliver graft survival appears to be favorable [9] . Our experience at Cleveland Clinic also demonstrates that avoiding smaller grafts for recipients with severe portal hypertension facilitates desirable outcomes ( Figure 5 ) [10] . This strategy increases safety and effectiveness of hemiliver grafts and could result in wider application of hemiliver SLT.
The small-for-size grafts that can result from SLT, particularly hemiliver grafts, often receive excessive portal flow, which causes hepatic arterial spasm via hepatic arterial buffer response [30, 31] . Importantly, this may increase the risk of hepatic artery thrombosis [31] . Such arterial spasm can cause poor blood supply to the graft biliary system, resulting in an increased risk of biliary complications [32] . Another important surgical risk is early graft failure due to graft-recipient size mismatch. When a small-for-size graft is used for a recipient with severe portal hypertension, modification of the portal inflow may be necessary to prevent graft failure. If this occurs, early retransplantation should be considered before the onset of renal failure or sepsis.
ETHICAL ISSUES
Split graft vs whole liver graft
Creating two extended criteria split grafts from a standard criteria whole liver raises a variety of ethical issues [33, 34] . Since partial grafting per se is a risk factor for graft failure [35] , one ethical issue is whether it is best to proceed with SLT or wait for a smaller whole liver graft. To justify the use of split grafts, SLT needs to show similar or better outcomes compared to whole liver transplantation, as LDLT has been able to demonstrate [36] . Unfortunately, SLT
is not yet considered the standard of care for adult recipients, but it does potentially give recipients greater opportunity for a life-saving transplant. Given unanswered ethical questions, however, recipients should have the unequivocal right to refuse a split graft with complete and accurate national and centerspecific information. Thorough discussion of the risks and benefits of SLT with transplant candidates should take place at the time of evaluation, listing, and organ offer [37] .
Split liver transplantation in adults under MELD allocation
The use of split grafts for high MELD recipients is controversial [10, 13] . Under the philosophy of the "sickest first" liver allocation, splittable donors are often allocated to those with a high MELD score who are generally unsuitable for SLT. When a donor liver is splittable, the best reason to proceed with SLT is when a primary recipient is too small to receive a large whole donor liver. Since small adult candidates are often bypassed on the waiting list when a large donor becomes available, SLT can overcome the large-for-size mismatch and increase opportunity for transplantation for these candidates. For small recipients, split grafts can provide enough liver volume to tolerate portal hyperperfusion, which is considered to be one of the major factors resulting in small-forsize related graft failure. According to our experience, after the primary recipient is transplanted, the leftover split graft can be used safely and effectively for the secondary recipient with similar outcomes [10] . While this graft-recipient combination helps achieve excellent survival after SLT, such ideal matching rarely happens under the MELD allocation. Even with ideal matching, various challenges and higher complication rates result in the underutilization of split grafts, particularly when hemiliver SLT is indicated.
CONCLUSION
SLT is an important technique to increase the availability of livers for adults in need of life-saving liver transplantation. As experience has grown worldwide, resulting in technical advancements and better donorrecipient matching, this highly complex surgical technique has become more feasible and has achieved excellent outcomes. However, the routine application of adult SLT will only be possible when certain challenges are addressed and resolved. While ideal donor-recipient matching is hindered under the current "sickest first" liver allocation, patients can still benefit from SLT under certain circumstances. Continued experience and advancement of SLT will better define the role of SLT in addressing the current severe donor Figure 5 Distributions of graft-to-recipient weight ratio in recipients who received hemiliver grafts at Cleveland Clinic. With ideal graft-recipient matching, the majority of recipients achieved a graft-to-recipient weight ratio (GRWR) > 1.0%. More importantly, hemiliver grafts with low GRWR were avoided in recipients with severe portal hypertension in order to prevent smallfor-size related graft failure. A line within the box indicating the mean and the lower and higher boundaries of the box indicating the 25 th and 75 th percentile, respectively. Whiskers below and above the box indicate the 10 th and 90 th percentiles. From Hashimoto et al [10] .
